Alopecurus aequalis Sobol. is a common grass weed, which has become increasingly troublesome to control in China wheat fields. One A. aequalis population, collected from Anhui Province China, was suspected to be resistant to fenoxaprop-P-ethyl and mesosulfuron-methyl. This study aimed to establish the cross-resistance pattern using the purified subpopulation and explore the potential targetsite and non-target-site based resistance mechanisms. Sequencing results showed that a single nucleotide change of ATT to AAT was present in acetyl-CoA carboxylase (ACCase) gene of the resistant (R) plants, resulting in an Ile2041Asn amino acid substitution. Besides, another single nucleotide change of CCC to CGC was present in acetolactate synthase (ALS) gene of the R plants, resulting in a Pro197Arg amino acid substitution. The homozygous resistant plants were isolated and the seeds were used in whole-plant herbicide bioassays. Compared with the susceptible (S) population, R population displayed high level resistance to fenoxaprop-P-ethyl and mesosulfuronmethyl. Cross resistance patterns showed that the R population was highly resistant to clodinafop-propargyl, moderately resistant to pyroxsulam and flucarbazoncsodium, lowly resistant to pinoxaden, and susceptible to tralkoxydim, sethoxydim, and isoproturon. The pretreatment of piperonyl butoxide reduced the 50% growth reduction (GR50) value of fenoxaprop-P-ethyl, suggesting that target-site resistance and non-target-site resistance mechanisms were both present in fenoxaprop-P-ethyl-resistance of A. aequalis. This is the first report of ACCase Ile2041Asn and ALS Pro197Arg mutation in A. aequalis.
INTRODUCTION
Short-awn foxtail (Alopecurus aequalis Sobol.) is a winter-annual grass weed infesting wheat (Triticum aestivum L.) production in some regions of China, especially in the lower-middle reaches of the Yangtze River (Zhang, 2003) . Alopecurus aequalis has a strong reproductive capacity and the seeds easily flutter to the ground, which guarantees its competitiveness against wheat seedlings. It was reported that wheat yield reduced 24.2% and 51.9% infested with A. aequalis at 540 to 675 and 1197 to 1560 plants m -2 , respectively (Zhu and Tu, 1997) .
Fenoxaprop-P-ethyl belongs to the aryloxyphenoxypropionate (APP) herbicide class and it can inhibit the activity of acetylCoA carboxylase (ACCase; EC 6.4.1.2), which is a key enzyme that catalyzes the first step of fatty acid biosynthesis. In plants, two different ACCase forms are identified in the chloroplast and in the cytosol respectively (Konishi et al., 1996) . In most plant species, the cytosolic ACCase is a multidomain enzyme and the chloroplastic ACCase is a multisubunit enzyme (Incledon and Hall, 1997) . However, both cytosolic and chloroplastic ACCase are multidomain in the Poaceae (grasses) family (Sasaki and Nagano, 2004) . Interestingly, the multisubunit ACCase and multidomain ACCase in the cytosol are insensitive to herbicides (Konishi and Sasaki, 1994) . On the contrary, the multidomain chloroplastic ACCase in grass species is sensitive to three distinct classes of herbicides, namely the APPs, the cyclohexanediones (CHDs) and the phenylpyrazoline herbicide pinoxaden (DEN) (Herbert et al., 1997; Hofer et al., 2006) . Previous studies have proved that the carboxyl transferase (CT) domain of the multidomain chloroplastic ACCase is the target for ACCase-inhibiting herbicides (Zhang et al., 2003) . In China, postemergence application of fenoxaprop-Pethyl has been extensively used to control A. aequalis and other grass weeds in wheat fields since 1990s. Moreover, in some areas, people applied it as the unique method for grass weed control. As a result, the control effect on grass weeds declined gradually by fenoxaprop-P-ethyl and at least eight weed species, including A. aequalis, have evolved resistance to fenoxaprop-P-ethyl and/or other ACCase inhibitors in China (Heap, 2015) .
Mesosulfuron-methyl is a sulfonylurea (SU) compound that targets the biosynthetic pathway of branched chain amino acids by inhibiting the activity of enzyme acetolactate synthase (ALS, EC 4.1.3.18) . Besides the SUs, ALS-inhibiting herbicides also include four more dissimilar chemical classes: imidazolinones (IMIs), triazolopyrimidines (TPs), pyrimidinylthiobenzoates (PTBs), and sulfonylaminocarbonyltriazolinones (SCTs) (Duggleby et al., 2008) . As an ALS-inhibiting herbicide, mesosulfuronmethyl has a high herbicidal activity towards a wide spectrum of grass weeds and several broad-leaved weeds. Since its registration in China in 2004, mesosulfuron-methyl has become a popular product for grass weeds management in wheat fields, especially for the control of ACCase resistant weed species. Similar to the resistance to ACCase herbicides, however, weed resistance to herbicides with this action site can be selected with fewer than ten treatments (Beckie, 2006) . In recent years, mesosulfuron-methyl resistance is beginning to emerge in some regions of China.
Target-site resistance (TSR) and non-target-site resistance (NTSR) are the main mechanisms resulting in herbicide resistance (Powles and Yu, 2010) . Generally, TSR is mainly caused by single amino acid substitution in the target enzyme prohibiting herbicides from effective binding. Up to now, 13 amino acid substitutions, locating at seven points in the CT domain of ACCase, have been proved to result in ACCase herbicides resistance (Powles and Yu, 2010; Kaundun, 2014) : Ile 1781Leu/Val/Thr, Trp1999Cys/Leu/ Ser, Trp2027Cys, Ile2041Asn/Val, Asp2078Gly, Cys2088Arg, and Gly2096Ala/Ser (amino acid residue numbering is according to the A. myosuroides ACCase sequence, GenBank accession AJ310767). Similarly, 26 target-site substitutions that make the enzyme be insensitive to ALS-inhibiting herbicides have been found in eight positions of ALS gene (Powles and Yu, 2010; Beckie and Tardif, 2012; Tranel et al., 2015) : Ala122 (3), Pro197 (12), Ala205 (1), Asp376 (1), Arg377 (1), Trp574 (3), Ser653 (3), and Gly654 (2) (bracketed number represents the amount of substitutions at specific position; amino acid residue numbering is according to the Arabidopsis thaliana ALS sequence, GenBank accession NM-114714.2). Target-site based mechanism, such as ACCase and ALS gene mutations listed above, usually confers cross resistance to herbicides with the same action site. Nonetheless, different substitutions or the same substitution in different weed species may confer various cross resistance patterns (Yu and Powles, 2014a) .
Non-target-site resistance to ACCase-and ALS-inhibiting herbicides is now recognized to be widespread in several weed species, including A. myosuroides , Bromus rigidus (Owen et al., 2012) , and Lolium rigidum (Han et al., 2016) . Metabolic resistance is a leading member in NTSR, and it can enhance metabolic capacity of the plant to detoxify herbicides, which reduces the amount of active ingredient of herbicide reaching target site. Unlike TSR, metabolic resistance usually confers an unpredictable crossresistance pattern (Yu and Powles, 2014b) . Nevertheless, whether or not cytochrome P450 monooxygenase plays a role in multiple resistance of A. aequalis to fenoxaprop-Pethyl and mesosulfuron-methyl is still a mystery.
In this article, we aimed to (1) identify target-site mutation(s) in ACCase and ALS gene respectively; (2) conduct preliminary studies on the role of cytochrome P450 monooxygenase in multiple herbicide-resistant A. aequalis; and (3) evaluate the cross-resistance patterns to other herbicides using the purified homozygous resistant population.
MATERIALS AND METHODS

Plant material, herbicides, and chemicals
Seeds of the putative resistant (R) Alopecurus aequalis population were collected from a wheat field in Shou county, Anhui province (32°05'11.4" N; 116°53'28.8" E), China, where fenoxaprop-P-ethyl, clodinafop-propargyl and mesosulfuron-methyl had been continuously used for many years. A susceptible (S) population collected from an uncultivated land in Rizhao, Shandong province (35°16'5.7" N; 119°22'7.7" E), was used as the control in this study. Seed samples were air-dried and stored in sealed paper bags at 4 °C until used.
The herbicides used in this study were ACCase inhibitors:
pyridine-3-sulfonamide; 7.5% WDG, Dow AgroSciences); and photosystem II inhibitor isoproturon (3-(4-isopropylphenyl)-1,1-dimethylurea; 50% WP, Bianjing, Suzhou, China). Piperonyl butoxide (PBO; 5-[2-(2-butoxyethoxy) ethoxymethyl]-6-propyl-1,3-benzodioxole, 97%) was purchased from Aladdin (Shanghai, China).
Acquisition of purified resistant population homozygous for ACCase and ALS mutations
Prior to planting, seeds of the R population were pretreated and germinated as described in Guo et al. (2015) . After germinated, 50 seeds were selected and separately transferred to 50 pots (12-cm diameter) with loam soils. The pots were placed in an artificial chamber and the culture conditions were the same as described in Guo et al. (2015) . Three weeks after, fenoxaprop-P-ethyl at 62.1 g ai ha -1 and mesosulfuron-methyl at 9 g ai ha -1 were treated to 20 plants of the R population, respectively. The remaining 10 plants as control were treated with water. Each surviving plant was sampled for both ACCase and ALS gene sequencing. Sequencing results (n = 48) showed that 16 plants were homozygous resistant both at ACCase 2041 and at ALS 197 codon position. These homozygous resistant plants were segregated and cultured in an artificial chamber to ensure no other pollen was introduced. When they were ripe, seeds from this purified resistant population were harvested and then used in herbicide dose-response experiments.
ACCase and ALS gene sequencing
Genomic DNA was extracted from young leaf material (about 80 mg, 2-to 3-leaf stage) of individual R and S plants by CTAB method. Two pairs of primers were used to amplify A. aequalis ACCase and ALS gene fragments containing all the known mutation sites in ACCase and AHAS gene, respectively. The detailed information of primers used in this study was showed in Table 1 . The polymerase chain reaction (PCR) system was the same as described in Guo et al. (2015) , except that the total volume was 50 μL. PCR was conducted using T100 Thermal cycler (Bio-Rad, America), with the following reaction program: 94 °C for 5 min, then 35 cycles of 94 °C for 30 s, X °C for 40 s, and 72 °C for 40 ~ 120 s, followed by a final step of 8 min at 72 °C. The PCR products were purified using the EasyPure Quick Gel Extraction Kit (TransGen Biotech, Beijing, China) and sequenced using the corresponding primers (Table 1 ). The DNA fragment and translated amino acid sequences of ACCase and ALS gene were aligned and compared respectively.
Cross resistance to herbicides
Seeds from the S and the purified R populations were germinated, sowed and cultured as described in Guo et al. (2015) . Before dose-response experiment, 20 plants (3-to 4-leaf stage) were treated with each herbicide at the single field rate (Table 2) to confirm herbicide susceptibilities of the S population. As expected, all plants from the S population were totally dead within 7 d under treatment of each herbicide.
When the seedlings grew to 3-to 4-leaf stage, herbicides were sprayed using a moving nozzle cabinet sprayer equipped with one 9503EVS flat fan nozzle (TeeJet Technologies, Wheaton, Illinois, USA) delivering 450 L ha -1 at pressure of 280 kPa. The herbicide doses applied to the R and S populations were listed in Table 2 . Thirty minutes after application, all pots were returned to the greenhouse. Dry weight of the above-ground part of the plants was recorded at 21 d after treatment. The whole experiment was conducted twice and each treatment had three replicates.
Fenoxaprop-P-ethyl dose response with and without PBO pretreatment
Alopecurus aequalis seeds from the S and purified R populations were germinated and cultured as described above. Plants were treated with PBO, fenoxaprop-P-ethyl, and PBO plus fenoxaprop-P-ethyl at the 3-to 4-leaf stage. PBO was applied two times, each with 2100 g ai ha -1 in 97 L ha -1 water, to give a total rate of 4200 g ai ha -1 in 194 L water ha 186.3, 558.9, 1676 .7, 5030.1 0, 0.8, 2.3, 6.9, 20.7, 62.1, 186.3 Fenoxaprop-P-ethyl + PBO 0, 20.7, 62.1, 186.3, 558.9, 1676 .7, 5030.1 0, 0.8, 2.3, 6.9, 20.7, 62.1, 186.3 Clodinafop-propargyl 0, 15, 45, 135, 405, 1215 , 3645 0, 0.6, 1.7, 5, 15, 45, 135 Tralkoxydim 0, 4.8, 14.4, 43.3, 130, 390, 1170 0, 4.8, 14.4, 43.3, 130, 390, 1170 (Wang et al., 2013) . PBO was formulated in a mixture of Tween-80 (1 mL L -1 ) and acetone and applied 1 h prior to herbicide application (Preston et al., 1996) . Control plants were sprayed with aqueous solution of the emulsifier and hydrocarbon solvent mixture. The doses of fenoxaprop-Pethyl were showed in Table 2 , with or without PBO. Treated plants were harvested after 21 d, when dry weights of the above-ground part were assessed.
Data analyses
The dry weight data were converted to a percentage of the control. Data were pooled because the two repeated experiments had nonsignificant difference in responses of the control. The herbicide doses causing 50% growth reduction (GR50) in the R and S populations were calculated by using a four-parameter log-logistic model (Seefeldt et al., 1995) (SigmaPlot 12.5 software; Systat Software, San Jose, California, USA):
where C is the lower limit, D is the upper limit and b is the slope of the curve via the GR50 value. The resistance index (RI) was indicated by the ratio of GR50 between the R and S population.
RESULTS
ACCase and ALS gene sequencing
A 1437 bp PCR fragment of the A. aequalis ACCase gene covering the seven verified mutation sites was amplified from 48 individuals (20 survived fenoxaprop-P-ethyl treatment, 18 survived mesosulfuron-methyl treatment, and 10 control plants) of the R population, as well as from 10 individual plants of the S population. Comparison of the sequences between R and S samples revealed only an amino acid substitution: a single nucleotide change of ATT to AAT, resulting in an Ile2041Asn substitution (Figure 1a ). What's more, all the 48 individuals of the R population were homozygous for this ACCase mutation.
Similarly, an 1859 bp PCR fragment of the ALS gene including the five highly conserved domains was amplified from the above 48 plants of the R population and 10 plants of the S population. Comparison of the sequence data showed a single nucleotide change of CCC to CGC, leading to a Pro197Arg mutation in the R population (Figure 1b) . Among the 48 plants sequenced, 16 plants were homozygous and 26 plants were heterozygous for the Pro197Arg mutation. The remaining six plants did not have any documented ALS gene mutation. Accordingly, in total, 16 plants were homozygous both for ACCase Ile2041Asn mutation and for ALS Pro197Arg mutation, and they were bulked to produce the purified R population.
To verify the purity of the population, 20 plants were randomly chosen and sequenced from the purified R and S population, respectively. As expected, all the purified R plants possessed homozygous Ile2041Asn and Pro197Arg mutations, and no documented mutation was detected in plants of the S population.
Sensitivity to ACCase-inhibiting and ALSinhibiting herbicides
The purified R population displayed high level resistance to APP herbicides, fenoxaprop-P-ethyl and clodinafoppropargyl (Table 3 ). The GR50 values were 757.3 ± 30.2 and 229.5 ± 31.9 g ai ha -1 of fenoxaprop-P-ethyl and clodinafoppropargyl, respectively, which were much more than the field rates (Table 2 ) of the two herbicides. Some plants survived even at 27-fold the field rates of fenoxaprop-P-ethyl and clodinafop-propargyl (data not shown). Compared with the S population, R population was 86.1-and 29.8-fold resistant to fenoxaprop-P-ethyl and clodinafop-propargyl. In this study, the plants of the purified R population were sensitive to the CHD herbicides: sethoxydim and tralkoxydim. The RIs were less than 2 when compared with the S population (Table 3) . It was particularly noteworthy that the purified R population had evolved low level (3.4-fold) resistance to pinoxaden (Table 3) , though the GR50 value (14.2 ± 3.8 g ai ha -1 ) was still less than its field rate (45 g ai ha -1 ). The purified R population was highly resistant to mesosulfuron-methyl, moderately resistant to flucarbazonesodium and pyroxsulam, with the RI 32.6, 6.0, and 9.6, respectively (Table 3 ). The GR50 value (55.5 ± 3.8 g ai ha -1 ) of mesosulfuron-methyl for the purified R population was six times as many as the field rate (9 g ai ha -1 ). About 46% and 53% of plants survived pyroxsulam and flucarbazonesodium treatment at the recommended field rate, with nearly 70% and 63% growth reduction respectively (data not shown).
Sensitivity to isoproturon and impact of PBO on dose-response to fenoxaprop-Pethyl
The result showed that the purified R population is still very sensitive to the photosystem II inhibitor isoproturon (Table 3 ). At the lower limit of the isoproturon field rate (900 g ai ha -1 ), all plants from the R and S populations were totally dead.
When PBO was applied alone at 4200 g ai ha -1 , there was no apparent effect on survival or biomass of either the S or R population (data not shown). With PBO pretreatment (4200 g ai ha -1 ), the GR50 value of fenoxaprop-P-ethyl decreased 22% for the purified R population, from 757.3 ± 30.2 to 588.9 ± 24.5 g ai ha -1 (Table 3 , Figure 2 ). In comparison, it decreased less than 6% for the S population, from 8.8 ± 0.5 to 8.3 ± 0.4 g ai ha -1 (Table 3 , Figure 2 ).
DISCUSSION
In recent years, multiple resistance to ACCase and ALSinhibiting herbicides in some grass weeds has become a serious threat for wheat production in China (Bi et al., 2016) . Both ACCase and ALS are prone to resistance evolution as the action site of herbicide (Beckie and Tardif, 2012; Yu and Powles, 2014a) . In this study, the R population collected from Shou County has evolved high level resistance to fenoxaprop-P-ethyl and mesosulfuron-methyl (Table 3) after repeated use for several years. In individual plant of the R population, Ile2041Asn mutation and Pro197Arg mutation were detected simultaneously. According to the owner of the field, fenoxaprop-P-ethyl was applied 7 ~ 8 yr earlier than that of mesosulfuron-methyl in this area. In addition, the control effect of fenoxaprop-P-ethyl had decreased before mesosulfuronmethyl's commercialization in this area. Therefore, there was a possibility that the ACCase Ile2041Asn mutation first appeared in the R population and it was inherited though the ALS-inhibiting herbicide mesosulfuron-methyl was used and resistance evolution (Pro197Arg mutation). This deduction was in accordance with the result that all individual plant (n = 48) possessed the homozygous ACCase Ile2041Asn mutation and only one-third of the plants (16 out of 48) possessed the homozygous ALS Pro197Arg mutation. Similar result has been reported in L. rigidum that the ACCase resistance traits were preserved in spite of the interruption of ACCase applications for 7 yr (Collavo et al., 2013) . Considering the fact that A. aequalis is diploid and partly cross-pollinated (Morishma and Oka, 1980) , it is very likely that most of the plants in the R population will have a homozygous ALS mutation, together Table 3 . Parameters of the four-parameter log-logistic equation* used to calculate the 50% growth reduction (GR50) values of the purified resistant (R) and susceptible (S) populations of Alopecurus aequalis. Standard errors are in parentheses. with the homozygous ACCase mutation, in the near future. Therefore, because of the risk of multiple resistance, it is not an ideal choice to manage ACCase-resistant A. aequalis by single use of ALS herbicide.
The Ile2041Asn mutation is a well-known mutation endowing ACCase herbicide resistance and has been documented in many weed species (reviewed in Powles and Yu, 2010) . Generally, this mutation is highly resistant to APPs, sensitive or moderately resistant to CHDs and DEN in A. myosuroides (Délye et al., 2003) , L. rigidum (Zhang and Powles, 2006) , Phalaris paradoxa (Hochberg et al., 2009) , and Avena fatua (Cruz-Hipolito et al., 2011) . In the present study, the Ile2041Asn mutant ACCase, reported for the first time in A. aequalis, was involved in high level resistance to APPs, low level resistance to pinoxaden, but no resistance to CHDs. Tralkoxydim is a CHD herbicide and can selectively control grass weeds in wheat field. Based on our results, tralkoxydim can still be used to control the R population of A. aequalis with Ile2041Asn mutation (Table 3) . However, from the sustainable management point of view, an herbicide rotation with herbicides having the same mode of action is not recommended, let alone the ACCase mutations endowing CHDs resistance have been reported in A. aequalis (Guo et al., 2015) . Pinoxaden was the latest ACCase herbicide introduced into China in 2010. The R population in this study was slight resistant to pinoxaden (Table 3) though it had never been applied. This was in accordance with former researches that the weeds evolved pinoxaden resistance before its commercialization (Petit et al., 2010) .
This study reports for the first time the Pro197Arg substitution in A. aequalis. Among 12 amino acid substitutions identified at Pro197 of ALS gene, the frequency of Pro197Arg is relatively low compared with other Pro197 substitutions. Pro197Arg has been reported in only four weed species and confers high level resistance to SU but low level resistance to TP and PTB herbicides (Beckie and Tardif, 2012) . However, using the purified population homozygous for Pro197Arg, we found this mutation conferring moderate resistance to SCT (flucarbazone-sodium) and TP (pyroxsulam) herbicides in A. aequalis. This demonstrates that cross-resistance pattern is dependent not only on the specific mutation (mutation site and amino acid) but also on specific herbicides and weed species (Yu and Powles, 2014a) . It also indicated us that these two herbicides were no longer applicable for controlling the R population of A. aequalis in wheat field.
In this study, isoproturon still had an ideal control effect on both populations of A. aequalis. Therefore, isoproturon may perform a useful role in managing ACCase and/or ALS resistant weeds though it has been commercialized for many years in China. Nonetheless, people had better apply isoproturon in combination with other herbicides (such as isoproturon + diflufenican) to prevent or delay resistance evolution. Our unpublished results revealed that the herbicide mixture flufenacet, flurtamonec, diflufenican (Bacara Forte 360 SC, Bayer CropScience, Monheim am Rhein, Germany) could effectively control some ACCase and ALS resistant weeds in the fields.
Previous studies have proved that PBO, as a cytochrome P450 inhibitor, could synergize some herbicides in several weed species, including: chlorotuluron and simazine in L. rigidum (Preston et al., 1996) , ethametsulfuron-methyl in Sinapis arvensis L. (Veldhuis et al., 2000) , bispytibac-sodium in Echinochloa phyllopogon (Stapf) Stapf ex Kossenko (Fisher et al., 2000) , fenoxaprop-P-ethyl in Poa annua L. (Wang et al., 2013 ). In the current study, pretreatment with PBO decreased the GR50 value of fenoxaprop-P-ethyl by 22% in the purified R population while only 6% in the S population, suggesting that an enhanced metabolism mediated by cytochrome P450 monooxygenase may also play a role in fenoxaprop-P-ethyl resistance of the R population. Non-target-site resistance is now increasingly identified as the major resistance mechanism to ACCase herbicides (Délye et al., 2011) . Additionally, NTSR often exists in populations containing target-site based resistance (Ahmad-Hamdani et al., 2012; Kaundun et al., 2013) . Given the complexity of NTSR, further researches need to be done to investigate the NTSR in A. aequalis.
CONCLUSIONS
In conclusion, the R population of Alopecurus aequalis evolved high-level resistance to fenoxaprop-P-ethyl and mesosulfuron-methyl, and showed different cross resistance levels to other herbicides. Target-site mutations (Ile2041Asn in acetyl-CoA carboxylase and Pro197Arg in acetolactate synthase) and cytochrome P450 monooxygenase may both play a role in resistance to herbicides of A. aequalis.
